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ABSTRACT 

The various factors determining the effi- 
ciency of a gamma ray counter and its applicability 
as a detector of gamma radiation are evaluated. As 
an illustration of the practical application of the 
theory to the construction of an ultra-sensitive 
counter, such a counter has been built and tested. 
The results verify the theory and prove that gamma 
ray counters may be constructed with much greater 
sensitivity than the simple Geiger-Muller tube counter. 
In estimating the ultimate range of counters for detec- 
tion of radium, criteria for "detection" are discussed. 
For rapid detection, i.e., for measurements covering 
about one second, it is shown that the above test 
counter can reliably detect 50 milligrams of radium 
at 250 feet in air and at almost 6 feet under water. 



AUTHORIZATION 

technique for meaauremJJt «? ?**** °f G^Ser-MuXler counter 

364/41.    Refer to WRL letter NS.^S^JL^* Pr2Ject 0röe^ 
23. 194Q (puShips file No. N?14/N!  f^f*1*7' °f SeP***><* 

**•     STATEMENT  OF PROBLEM 

counts ca^Ä fgiveVa^unfof^^a <**~-*Al«r 
in the problem of re^fvTXnfl^* 2f„?adiu? arlse not only 
sidering possible uses of 2f„J St radium* b*t also in con- 
at whicl a source of givfnsIXtt Lv^T* T^d^tance 
pendent on the sensitivity «f ?£f     **? be d«tected ia de- 
counting rate    fnd thiÜLSf *he cowter*  the background 
this refor? is ft? to esthete th^Jf"1*'    The P^ose of 
tivity lay be increased bf t^US^t*?^* th* sen**- 

with theoretical pSed£?i£jt 7 C°mP&Te its Per^rmance 
I11* ^0^ FACT^ BEARING QW PwrrnT.™ 

tive of Jf deJi^rfor'deta^*61, JS,by far the ««t sensi. 
particleS^4^ta^ radfatfoS ^n^i^f1 char*ed 

asiplificatlon that a SlnSle SlecS^«  « §£?** *! its *nte™*l 
flow of charge of as S aS      n b ?!   nP?68^0 tr^er a 

triggering electron mav LtL ?L ?n electrons.    This 
as S X-ray o      2a ray secondarv^Snf directly*  or appear 
and Compton efflct),  or afthe ^2J,ft °toelectric ejection 
tion due to energetic barged par?dc?L°f S£rpUSCUlSr ioni2a- 
G-ÄI counter, Plate I    iaSifo      ifs:    The com*»°n form of 
centered anode wire,'enclosed L    c^indr*cal cathode and a 
the tube is mied iiS a fractLn Si*" enJel°Pe-    Normally, 
suitable gas* or mixture of atlt        f/n atmosphere of a 
of the order'of l?5oo^ol?f !s IpplXd tP£entJ,a diff^ence 
operate the tube as  a G-M counter    thf ™i ^ e}w. *«>*».     To 
value somewhat less  than it ^t^'   th®voltase is set to a 
sustained discharge beSeen SS f?"? *Z maintai" a self, 
required to triggfr a momeStarv ^f^0deS;    A1<X that is then 
some ionizing rfdiation ?hrou?h ä!ChaP8! ls  the Pa^age of 
struction of the counter and ft,  as^^w'  4** ^°^ con- 
charge triggered by the abt^oT^ 
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ofayraLaUofeentI^Lq^Ckly-    *° *Qt*™l™ the intensity 
of S.JS ™n !Pln8 the coun*er,  one measures the number 
?L ictionSLri?r ?!r IP1* time-    <Por details of count- 
E^föOofc circuits for counting pulses,  see NRL Report 

IV*     THEORETICAL CONSIDERATE MS 
111 i 

A'     ?hQOrY °f the  Sensitiv+.y of A GflTnrna  Ray Countftr, 

4*    The electrons that trigger the disch«*»^«  <« * 

t£ wi??Cl ?*„a Sörnraa ray counter *»»* obviously depen^on the wall thickness of the cathode      Tha nn^tZ      "ePf"a on 

are very strongly absorteVÄ'metal0 ÄcVtheTSe 
proauced and may be thought of as having a »mean frle oa?h» 

madethveryd^inf lit £/"? ^11^^^ « t^Äfis ?«?^  *S 7 '  all the electrons may succeed in cettinc out 
into  the gaseous volume of the counter,  but  the thin Sfi 

^existence S"™"«*0  the inner s^Xce o? tL cylSder, me existence of an optimum wall thickness mav h« *£££££» 
a simple calculation  (NRL Report M-lIS)?    For thif oo?imL 
thickness,  the calculated efficiency is given by: P 

Efficiency s number of counts  -    Ul n^ 
number of "primary quanta        ~      *     U} 

where u± z linear absorption coefficient for 
gamma rays 

u2 £ linear absorption coefficient for 
electrons 

r:hr-?£^° -ul/u2 is  approximately 0.01 for aluminum and 
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5. The relative efficiencies of counters having 
different thicknesses of cylinder wall are given in Table I. 

TABLE I 

Wall Relative 
thickness Efficiency 

0,5 mm. 70 
1.0     « .89 
2.0 .93 
3.0    " .91 

Maximum efficiency is obtained for a thickness of 
about 2 mm. 

B. How to Increase Efficiency of Simple Counter. 

6.  Two steps that may be taken to increase the number 
of emergent secondary electrons per primary quantum are: 
(1) increasing the total surface per unit area of the cathode 
and (2) increasing the ratio of ux to u2. In the first case/ 
it is possible to increase the surface area of a cylinder of 
£iven volume by grooving the surface, or by fashioning the 
cylinder out of fine wire mesh. When 100 mesh wire is em- 
ployed, the efficiency is approximately double that of a 
smooth cylinder. The second means of gaining efficiency is 
to choose heavier metals for cathode material. With higher 
atomic weight, the gamma ray absorption coefficient increases 
more rapidly than the electronic absorption coefficient. A 
counter with a lead cylinder has been found to be 1.3 times 
as efficient as one with a copper cylinderi1^ 

c* Use of a Multiplicity of Counters for High Efficiency. 

7. A simple counter with a brass cyliner 1/32 of 
an inch thick has an efficiency of about 1.2%. If such a 
counter is used to measure the intensity of a beam of radia- 
tion it absorbs about 5%  of the incident energy. If the 
first counter is backed by a similar counter, the second re- 
ceives 95>i, of the original intensity and measures it with an 
efficiency of 1.2%. The combined efficiency of the two 
counters taken as a unit is therefore about 2.3$. Apparently, 
all that is necessary to increase the counting efficiency, is 
to add more counters in line with the measured beam of radia- 
tion. Eowever, there is a limit to the number of counters 
that it is advisable to use since the gain in efficiency per 
additional tube decreases steadily with the number of tubes. 
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To illustrate this point, the efficiencies to be expected 
from combinations of tubes have been tabulated in Table II. 

TABLE II 

Combinations of Counters Having 
Cylinder Walls 1/32 of an Inch Thick 

%  of original %  of original 
.0. of intensity, intensity, Efficiency 
Counters absorbed transmitted 

76.4 

in % 

5 23.6 5.0 
10 42.3 57.2 8.8 
15 55.3 44.7 11.7 
20 65.7 34.3 13.9 
25 73.1 26.9 15.6 

8. It is apparent from Table II that little is to 
oe rained by using wore than 25 tubes, since the gain per 
cube becomes very small. Ey constructing the cylinders of 
100 mesh wire, the efficiencies may be doubled. 

9. Ey reducing the wall thickness of the counter 
c-jlinders, the absorption of radiation Is diminished but 
this is more than counterbalanced by the loss in efficiency, 
as given in Table 1. 

E. The G-eiger-Luller Counter as a Detector of Gamma 
Radiation - Statistics of the Counting Process 

10. The electrons that trigger the discharges in a 
counter arrive at random, and the laws of probability are 
directly applicable to the counting process. Most important 
is the relation between the number of counts produced by a 
(riven intensity over a given period of time and the precision 
with which that intensity is measured by the observed count- 
ing rate.  This relation is expressed by: 

Ep r 0.67 n1//2, (2) 

where E- is the probable error and n is the number of counts. 
'he relative probable error is given by: 

En * 0.67 n"
1/2 (3) 
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,,  T„ 1ia4no. the counter as a detector of radiation, 

l-'eSal of whloS the^nter is constructed and the normal 
:i-.te due to cosmic rays. 

IP  if there are Nn counts due to a certain radia- 
t-on plus ihe background, and N2 counts due to the background 

o^y,"thi proUable^rror of the <^*f-V(N°VN*)5?2. 
effect of th* source being measured, is 0.67 (Nx + N2J  • 
The relative probable error is: 

£P    = 0.67    (Ni+Ng)1/2     . (4) 
Nx-N2 (Hl  - Ng'j' 

vratL  eauation (4) it is apparent that the relative probable 
er°or decreases with the square root of the counting rate. 

13. Before discussing the relative merits of various 
pmmters as detectors of radium gamma rays, it is essential 
^!f1D Literia for what constitutes detection. Strictly 
sp4kins! no counter may be said to be 10* certain of de- 
Kctin" a given source of radiation no matter how strong. 
Tnere is always some probability of the counter failing to 
rount-a sinrle quantum in a finite time interval. To make 
deScUon "le?tlin," this probability must be «^/^„^ 
small. The-relative probable error (equation 4) is a measure 
Sf the orobability of detection, since the odds against ob- 
?ainingPa deviatiL greater than the probable error may be 
evaluated for any probable error, Table III. 

TABLE 

Ratio of Deviation 
to Probable Error 

III 

Odds Against 
Occurrence 

2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
6.0 

10.0 

4.64 
9.90 

22.2 
53.8 
142.3 
415.0 

1,541.0 
19,300.0 

6.5 x 10 10 
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14, In many publications concerned with the detec- 
tion of radium, the authors have assumed that a good crite1- 
rion for detection is that the intensity of the source plus back- 
ground be twice the background rate alone. According to 
(4), the relative probable error of the measurement of the 
effect of the source is then given by: 

relative probable error s P.E.«0.67  (3 Ng)1'2 . \67vls~ 

15. What does this mean in terms of probability of 
detecting the radium source? First of all, it must be 
remembered that while the average background rate is well 
defined, instantaneous values have a statistical distribu- 
tion. Positive and negative values of the background rate 
are equally probable, so that there is a 50$ probability 
of obtaining an indication higher than the average back- 
ground rate with no radium present. Some criterion must be 
established for minimizing the possibility of mistaking 
background fluctuations for counts due to the radium radia- 
tion. Suppose, for example, the background count in the 
measured interval is 25. The probable error of this count 
is 13.6$. If it is agreed that the odds against mistaking 
background fluctuation for radium radiation be at least 25 
to 1, then the minimum permissible indication constituting 
"detection" must be (from Table III) about 2.63 times the 
P. E, of the background count, or 36$. The P. E# of the 
effect of the source over the background from equation (5) 
is 24$ when H^  - 50, Ng ? 25. The maximum permissible 
relative error of (N} - N2) is 64$, according to the above 
restriction on background fluctuation. The odds against 
occurrence of a relative error greater than 64$ when the 
P. E. is 24$ are about 27 to 1. To sum up then, when the 
background count is doubled, making a combined count of 50, 
the odds in favor of detection are 27 to 1, if the odds are 
set at 25 to 1 against mistaking a fluctuation of background 
count for an effect of the source. 

16. By increasing the counter sensitivity, inci- 
dentally raising the background count from 25 to 100, the 
odds in favor of detection become 400,000 to 1, if the odds 
of 25 to 1 are preserved against background fluctuations. 
Alternatively, the original odds may be maintained for de- 
tection at almost twice the original distance in air from 
source to counter. It is apparent, therefore, that the 
highest possible counting rate must be sought for in 

* 6 * 
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detection of gamma radiation, even though the background 
rate increases simultaneously with the counter sensitivity. 

17. If a counter is placed in a region of approxi- 
mately uniform density of radiation, the •£«**£»« pftt?*8 
?oportional to Ufce area of fee cathode. For high sensi- 
t"vit£ in the detection of radiation from a distant source 
ii therefore is desirable to build the counter as large as 
-actioablöA One of the largest counters described in the 
ll?eratSre^)is diagrammed in Plate <3). A copper tube 
j£ve fe£t long with 1/16 inch wall, formed the cathode. 
About one foot of this length was left to accommodate a 
Seher-Harper circuit and an additional stage of amplifica- 
tion^ The Pyrex bowls which seal the ends were commercial 
transmuting station lead-in-bowls, with the edges ground 
to lit inside the six inch tubing. Commercial argon a a 
pressure oi seven centimeters, constituted the gas filling 
of the counter. The background rate, N2, was about one    (3) 
hundred counts per second. According to the results of Taft 
as shown in Plate (2), the background rate, for a counter in 
a'r? ildoubled at a distance of about 200 feet from a 50 mg. 
source! The odds in favor of detecting, in one second, the 
effect of a 50 mg. source at 200 feet from this large counter 
are 400,000 to 1. 

V.  EXPERIMENTAL RESUI3? S 

18. Assuming the volume of a counter is restricted 
to a piven size, how may the maximum sensitivity be obtained? 
From paragraph 7), it is obvious that by filling the given 
voSme with a multiplicity of small diameter punters, 
efficiencies as high as 40# may be obtained. A counter of 
?,is type^as built, containing 37 individual counters, 
connected in parallel. Plates (4) and (5) are scale draw- 
ings of cross-sections of this multiple counter. Plates 6, 
7 and 8 are photographs showing the construction• The 
individual counter! are of brass tubing, 12 inches long and 
5/8 Inch in diameter. The wire anodes are supportea by mica 
disks? punched to fit the ends of the brass tubes. To 
insulate t--e wire system from the assembly of cylinders, 
the wires "are passed through glass capillary tubing, where 
they emerge through the mica disks. The ^tire'system is 
enclosed in a brass cylinder with l/l6 inch wall, closed 
H  the ends by disks of brass, 1/8 inch thick. This brass 
container acts as common electrode for all the cylinders. 
T-e common lead from the wire system is brought out through 
an isol&ntite bushing. 
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19. The total area of cathode surface in the mul- 
tiple counter is equivalent to that of a simple counter 
having 4.2 times as large a volume as the multi-cylinder 
counter, It should therefore behave very similarly to the 
counter described in paragraph (1), Its measured background 
rate is 140 counts per second compared to the 100 per second 
of the 4 foot counter. Much of the difference in background 
rate may be attributed to the greater length of wire anode.* 
The maximum number of cylinders across a diameter of the 
counter is 7. Prom Table II, the efficiency of seven 
counters in line is about 7$. Assuming an efficiency of 
I/o per individual counter, the counting rate to be expected 
from a 50 milligram source at any distance, may be roughly 
calculated. Table IV gives the counting rates for various 
distances in air from a 50 milligram source, determined with 
a "frequency meter" (see NRL Report K'i-1800), and the odds 
in favor of detection when measurements are made for one 
second. For detection of radiation under water, the corre- 
sponding data are given in Table V. These data were 
computed from the experimental observations shown on 
Plates 9, 10 and 11. 

TABLE V 

Measured Count- 
Distance Calculated ing rate (K^ + Relative Odds in 
in air counting rate Eg) minus back- error of favor of 
from source due to source ground (Ng s 

140/aec.)(Counts 
differenc e detect- 

to counter (Counts per (N-, - Ho) ing 50 mg 
(ft.) second) per second) of radium 

c<"> 0 1/25 to 1 
350 26 33.0 1/16 to 1 
500 38 40 22.0 12 to 1 
250 58 60 16.0 285 to 1 
200 
150 

106 
190 

110 
210 

9.7 
6.0 

>107 to 1 

100 •  460 470 3.6 

---Spurious background counts tend to arise because of sharp 
points and dust particles on the wire anode. The longer 
the anode wire, the greater is the probability of obtain- 
ing spurious counts. 
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TABLE VI 

Tistance 
in water 
fa Oi.i source 
to counter 

(ft.)  

6 
5 
4 

Calculated 
counting rate 
due to source 
(Counts per 
second) 

0 
33 

192 
990 

Measured Count- 
ing rate, (N^ + 
Ng) minus back- 
ground (N2 s 
140/sec .  

30 
180 
750 

Relative 
error of 
difference 
(Nx - Ng) 

29.0 
6,7 
2,7 

Odds in 
favor of 
detecting 
50 mg. of 
radium 

1/25 to 1 
5 to 1 

>1012 to 1 

20. From Table V, it appears that the test counter 
is capable of almost "certainly" detecting 50 milligrams of 
radium-in one second at 250 feet. If the measuring interval 
is increased to 1000 second, the range is extended consider- 
ably. At 1000 feet, the odds in favor of detection then 
become 11 to 1. Table VI shows that in one second, the 
counter cannot fail to deteot a 50 milligram source at five 
feet under water, but increasing the distance by only one 
foot, drops the odds to as little as 5 to 1. 

VI.  SUMMARY AND CONCLUSIONS 

.  .-,  21# A sensitive gamma ray counter has been built 
to illustrate -a design capable of yielding many times the 
sensitivity of the simple Geiger-Muller tube counter. The 
measured response of this counter to a 50 milligram source 
of radium at various distances In air and In water, agrees 
with theoretical expectations. It is entirely feasible to 
biuld such counters many times as large as the model here 
described and accordingly obtain extremely sensitive 
detectors of radium. 

22. The particular design of sensitive counter dis- 
cussed in this report is only one of three types described 
m rjRL Report Ivi-1300, all designed according to the basic 
principle of obtaining maximum cathode surface. Greatest 
efficiency in a limited volume is obtained with the multiple- 
deck type counter, but Its construction is considerably more 
complicated than that of the multi-tube counter. 
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